ABSTRACT Two experiments were undertaken to evaluate the bacterial load in recycled litter between broiler flocks following addition of quicklime (T1), windrowing (T2), shallow fermentation (T3), and control (no intervention, T4). The first experiment was developed in field conditions in which the broiler houses were accompanied by 6 consecutive flocks and the effect of the treatments was assessed on enterobacteria and aerobic mesophiles. The second experiment was conducted in an experimental broiler house with recycled litter for assessment of Salmonella Enteritidis phage type 4 (SE PT4). In the field study, T3 presented the best results in reducing enterobacteria in broiler litter in relation to the other treatments, with the highest reduction occurring in the first 3 flocks, tending to stabilization from the fourth flock onward for all the treatments assessed. From the third to sixth flocks, enterobacteria level at the end of the treatments (d 12) was lower than the average in the fresh litter, except in T4. All treatments reduced aerobic mesophiles throughout the flocks, where T2 showed the highest reduction. The percentage of dry matter in the broiler litter diminished in T4 and increased in T3 over the course of the flocks. In the second experiment, the drop in the SE PT4 level in the broiler litter first occurred in T2 and T3. However, all the treatments except for T4 eliminated SE PT4 within 12 d. The temperature of the broiler litter in T2 was higher in relation to the other treatments. The results show that litter treatment prior to reutilization by the successive broiler flock is required to reduce the level of residual bacteria. The fermentative treatments (T2 and T3) were found to be superior to the others in terms of reducing the bacterial load, with shallow fermentation standing out with the highest reduction of enterobacteria and equivalent SE PT4 elimination when compared to windrowing.
INTRODUCTION
The feasibility of broiler chicken production depends on the economic and environmental sustainability of the management systems. In terms of volume, the litter represents the main solid leftover from primary level in broiler industry, with an estimated generation of 1.0 to 1.6 tons for every 1,000 broilers (Coufal et al., 2006) . Regions of Brazil with dense broiler production already report difficulties in disposal of the litter at the end of the production cycle, which extrapolates its use as a fertilizer on crops and generates environmental impact due to the need to discard a substantial volume of waste. Broiler litter is composed of the basic substrate (wood shavings, sawdust, straw, rice husk, sand or other alternative materials) with the addition of excreta, feathers, wasted feed and water and other residues that build up throughout the broilers' housing (Torok et al., 2009; Ritz et al., 2014) . Lactobacillus spp. and enterobacteria are among the usual components of gut microbiota and therefore, like other opportunistic and unwanted col-onizers such as Clostridium spp., Campylobacter spp., and Staphylococcus spp., they can be eliminated with excreta or be carried by vectors and fomites, composing the microbiota of the litter (Lu et al., 2003; Cressman et al., 2010; Chinivasagam et al., 2016) .
Salmonella enterica subspecies enterica gathers most Salmonella zoonotic serovars. In terms of food safety, human infections by S. Enteritidis are frequent and usually associated with consumption of contaminated food of animal origin (CDC, 2015) . Consequently, the control and prevention of S. Enteritidis are systematic in poultry production. The epidemiology of S. Enteritidis is highly complex in the broiler industry due to several possible sources of its introduction into the production chain (Volkova et al., 2011) . In particular, litter has been involved with the persistence and propagation of Salmonella and other unwanted bacteria in broiler houses (Rigby and Pettit, 1979; Reiber et al., 1990; Schrader et al., 2004; Liang et al., 2014) . As a rule, broiler litter presents unfavorable conditions for the survival of bacteria; however, some pathogens are able to persist for long periods in relation to competing microorganisms, maintaining the potential for infection into the successive flock (Lavergne et al., 2006; Wei et al., 2013) . In this scenario the reuse of the litter between flocks is an impacting factor on broiler 2587 production feasibility. However, this should be underpinned by aspects that preserve the broilers' health and food safety.
In Brazil, reuse of broiler litter is considered when the previous flocks did not present clinical or subclinical infection during housing. Typically the process begins with the complete removal of the broiler flock for slaughter, after which the caked portions of the bedding material are eliminated and the remaining litter, which comprises the greatest volume of the material, remains inside the broiler house (Coufal et al., 2006; Lavergne et al., 2006; Macklin et al., 2006; Ritz et al., 2014) . During downtime between flocks the broiler litter is subjected to an in-house treatment aimed at reducing or inactivating residual microorganisms. At the end of the treatment, the treated litter is redistributed throughout the broiler house and portions of the fresh litter are spread only in the brooders before housing the new broiler flock. The most commonly used methods for treating litter prior to recycling between broiler flocks in Brazil are the addition of quicklime, windrowing, and shallow fermentation (Lopes et al., 2013; Martins et al., 2013; Muniz et al., 2014; Lopes et al., 2015) , with the latter being a relatively recent method resulting from the practice of Brazilian broiler production.
In parallel, international trade standards involve the demonstration of equivalence between the processes practiced in different countries. Good broiler production practices establish the adoption of methods that present the best performance in controlling microbiological risks, preserving public and animal health as a priority. Export processes usually require that microbiological risk assessment is routinely applied. However, voluntary standards to certify agricultural products can be established by non-governmental organizations, such as the GlobalG.A.P. As regards the reutilization of litter between broiler flocks, GlobalG.A.P. establishes treatment for decontamination and testing as a control point. According to the compliance criteria, the reused broiler litter shall be treated for decontamination and proven to be free of microbiological risks (GlobalG.A.P., 2016) . In this context, the present study aimed to assess the efficiency of the addition of quicklime, windrowing and shallow fermentation methods in reducing the bacterial load in recycled litter between broiler flocks.
MATERIAL AND METHODS

Experimental Design
Two subsequent experiments were conducted. Experiment 1 was carried out under field conditions in different commercial farms integrated into broiler production companies in the State of Santa Catarina (South of Brazil). The study included 24 conventional broiler houses with the all-in/all-out rearing system which adopted a 12-to 15-d downtime between flocks, with assessments of the addition of quicklime (T1), windrowing (T2), shallow fermentation (T3) treatments, and control (T4) on the broiler litter. The 4 treatments were conducted simultaneously in each studied broiler house. Each treatment was applied in 6 broiler houses, comprising 6 repetitions, in which the litter batch consisting of wood shavings was recycled for 6 consecutive broiler flocks. The treatments were applied in-house during the downtime between flocks and initiated immediately after depopulation of the broiler flocks for slaughter with an average age of 42 d, when the feeders, drinkers, curtains and anti-bird screens were cleaned. In all studied broiler houses, samples of the fresh litter were collected prior to placement of the first broiler flock and then litter samples were obtained from each successive flock on d 0 (immediately after removing the broilers) and d 12 of the treatment. Each litter sample consisted of a pool of 10 subsamples with around 50 g gathered at 10 equidistant points in the broiler house. In T2 the subsamples were collected at a depth of 30 cm in the pile, and in the other treatments they were collected halfway down into the broiler litter. The samples were subjected to quantitative analysis for enterobacteria and aerobic mesophiles, pH and dry matter content.
Experiment 2 was conducted in a single experimental broiler house with a concrete floor and split into boxes measuring 3.90 × 3.90 m. A Salmonella spp.-negative third flock litter consisting of wood shavings was obtained from a commercial broiler farm in the State of Santa Catarina. The litter was distributed in each box to a height of 10 cm or in enough amounts to form piles approximately 1 m high, when applicable. Next, the litter was sprayed with 10 mL/m 2 of a suspension containing 3.5 × 10 9 colony-forming units (CFU)/mL of S. Enteritidis phage type 4 (SE PT4) resistant to nalidixic acid, and then immediately subjected to the experimental treatments (T1, T2, T3, and T4). The 4 treatments were conducted simultaneously in each studied box. Each treatment was conducted in 6 boxes, corresponding to 6 repetitions, totaling 24 boxes. Litter samples in each treatment were collected on d 0 (after inoculation), 3, 6, 9, and 12 of the treatment, and submitted to qualitative and quantitative analysis for Salmonella spp., and pH, temperature, and dry matter content analyses.
Addition of Quicklime (T1)
The moist and caked portions of the litter were removed, residual feathers on the surface were burned and the litter was left to settle for 9 d. On d 10, 3.6 kg/m 3 of quicklime (CaO, Cal Hidra, Paraná, Brazil) was applied to the broiler litter surface, uniformly homogenized over the whole area. After the addition of quicklime, the litter was left to settle for 48 h before housing the broiler flock.
Windrowing (T2)
After removal of the moist and caked portions and burning of the feathers, the litter was windrowed at the center of the broiler house, forming a single pile in a longitudinal direction, which was covered with a 200 μm non-breathable black tarpaulin for 10 d. Then, the tarpaulin was removed and the litter was redistributed throughout the broiler house and left to settle for 2 d before the broilers were housed.
Shallow Fermentation (T3)
After removing the caked portions and burning the residual feathers, the litter was moistened with 1.5 L of water per square meter, with it being entirely covered with a 200 μm thick non-breathable black tarpaulin, flattened (without windrowing) around the whole broiler house. At the edges of the broiler house the tarpaulin was manually tucked in between the litter and the wall to avoid gas exchanges with the environment. After 10 d the tarpaulin was removed and the litter was turned and left to settle for 2 d before housing the broilers.
Quantification of Aerobic Mesophiles, Enterobacteria and Salmonella spp
The analyses were carried out as previously described (Lu et al., 2003) . In brief, 10 g of litter sample was suspended in 90 mL of phosphate-buffered saline (PBS) (pH 7.4) and submitted to serial dilution scaled decimally to 10 -9 . To enumerate the aerobic mesophiles, a 0.1 mL aliquot of each dilution was distributed onto Brain Heart Infusion agar (BHI) plates (Merck, Darmstadt, Germany). To enumerate enterobacteria, 0.1 mL of dilutions 10 -1 to 10 -5 were distributed onto MacConkey agar containing bile salts and crystal violet (Difco, Detroit, MI). Levels of Salmonella spp. were determined by plating 0.1 mL of dilutions 10 -1 to 10 -5
onto Brilliant Green agar (BGA) (Difco) containing 50 mg/L of nalidixic acid (Sigma, St. Louis, MO) and 40 mg/L of novobiocin (Sigma). The detection limit was 100 CFU/g.
Qualitative Analysis of Salmonella spp
Ten grams of litter was suspended in 90 mL of 1% buffered peptone water (BPW) and then incubated at 37
• C for 24 h. Aliquots of 1.0 and 0.1 mL were inoculated in tetrathionate broth (Oxoid, Hampshire, United Kingdom) and Rappaport-Vassiliadis broth (Merck), respectively, and incubated at 42
• C for 24 h, followed by plating in BGA with the addition of 50 mg/L of nalidixic acid and 40 mg/L of novobiocin, and in Xylose Lysine Tergitol-4 agar (XLT4) (Difco) which were incubated at 37
• C for 48 h. The presumptive colonies were confirmed by biochemical tests and slide agglutination testing with a Salmonella polyvalent somatic (O) antiserum (Probac, São Paulo, Brazil).
pH, Dry Matter and Temperature Analysis
The pH was determined from a 10 g sample of the litter suspended in ultrapure water (pH 7.3 ± 0.2) and diluted at a ratio of 1:5 (Sistani et al., 2003) . The dry matter content was ascertained by the difference of the drying weight of 3 g submitted to 105
• C for 8 h (AOAC, 1995). The temperature was measured only in broiler litter collected from experiment 2, being recorded every 2 h for digital data logger thermometers (Testo, Lenzkirch, Germany) placed at the average depth of the litter in T1, T3, and T4. In T2, the thermometers were placed at a depth of between 30 and 40 cm.
Statistical Analysis
The data for enterobacteria, aerobic mesophiles, dry matter, and pH were analyzed using the theory of mixed models for repeated measures, considering the treatment effects, days of treatment and interaction of these variables, and 15 types of variance and covariance matrix structures, including estimates, differentiated or not, for the parameters of these matrixes in function of the treatments, using PROC MIXED (SAS, 2002) , according to Xavier (2000) . The structure to be used in the analysis was chosen based on the lowest value of the Akaike Information Criterion (AIC). The maximum likelihood estimation method was used. Breakdown of the effect of treatments was performed by means of the Tukey test, whereas breakdown of the effect of flock and day was carried out by means of regression analysis using orthogonal polynomials (linear and quadratic function). Quantifications of enterobacteria, aerobic mesophiles and Salmonella spp. were transformed into base-10 logs for analysis. For the quantitative assessment of Salmonella spp., the means and their respective standard errors were calculated and the results were interpreted based on those values. For qualitative analysis of Salmonella spp., Fisher's exact test was applied to compare the treatments on each day of sample collection. For all analysis, significance was determined at P ≤ 0.05.
RESULTS
Experiment 1
The analysis of fresh litter sampled prior to housing the first broiler flock in each studied broiler house is presented in Table 1 . Evaluation of the effects of treatment, days, flock and their interactions on the analyzed variables (Table 2) showed a significant effect (P ≤ 0.05) of the interaction of the treatment, flock and days on dry matter and pH of the litter, indicating differences in the effect of the treatment depending on the flock and day of evaluation. There was also principal effect of the treatment and flock for all the variables evaluated. However, the interactions between the factors were not significant for enterobacteria, meanwhile for aerobic mesophiles all the interactions showed effect, except for the interaction of treatment, flock and day of evaluation.
Quantification of enterobacteria at the end of the treatments revealed that shallow fermentation (T3) resulted in a lower level of enterobacteria, unlike the other treatments (P ≤ 0.05). Windrowing (T2) presented intermediate results, yet did not differ from the addition of quicklime (T1) and the control (T4) (P > 0.05). The highest reduction in enterobacteria was found in the first 3 flocks, tending toward stabilization as from the fourth flock for all treatments (Figure 1 ). When comparing the average level of enterobacteria detected in the fresh litter and at the end of the treatments, the contamination of the litter treated from the third flock onwards was lower than that of the fresh litter in the majority of the evaluations (Figure 2 ).
There was a reduction in aerobic mesophiles over the course of the flocks for all evaluated treatments (Figure 3) . Windrowing (T2) presented the lowest level of aerobic mesophiles, which was significantly different to the other treatments (P ≤ 0.05), regardless of the flock, while the shallow fermentation treatment (T3) was the second most effective, differing from the control treatment (T4) (P ≤ 0.05). The treatments with quicklime (T1) and control (T4) did not differ from each other throughout the 6 flocks. The linear trend in the reduction of the aerobic mesophilic load on the last day of the treatments with quicklime (T1), windrowing (T2) and control (T4), and even the quadratic trend of the shallow fermentation treatment (T3), indicate that the reduction of aerobic mesophiles over the course of the flocks did not reach the point of minimum bacterial load. Dry matter content in the broiler litter was interpreted as the inverse of moisture. Shallow fermentation (T3) presented increased dry matter content over the course of the flocks, where it was significantly different to the other treatments (P ≤ 0.05), which did not differ from each other (Figure 4) . The mean pH value in the broiler litter in function of the treatments, flocks, and days of evaluation remained at around 9.0, and a slight increase in the pH was observed over the course of the flocks in the treatment with quicklime (T1) (Figure 5 ). Despite the occurrence of significant effect (principal and interactions) for the pH variable (Table 2) , the alterations observed did not reflect on bacterial load inhibition.
Experiment 2
Similar levels of SE PT4 were detected on d 0 (after inoculation) in the litter distributed in all the experimental boxes (Table 3) . After application of the treatments, it was found that the reduction in the SE PT4 level in the litter treated by windrowing (T2) occurred before than in the other treatments. However, regardless of the treatment applied, all the quantitative 0 . 0 0 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.17 ± 0.17 9 0 . 0 0 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 12 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 Figure 6 . Detection (%) of Salmonella Enteritidis PT4 in the broiler litter according to the treatments and time of treatment (days) in experiment 2. T1: Quicklime; T2: Windrowing; T3: Shallow fermentation; T4: Control. evaluations tested below the detection limit from d 9 onwards (Table 3 ). Qualitative analysis of the broiler litter revealed that the frequency of SE PT4-positive samples was lower in the fermentative treatments (T2 and T3) from the d 3 of treatment onward. However, after 12 d SE PT4 was detected only in the litter of the control group (T4) (Figure 6 ).
The fermentative methods (T2 and T3) presented lower percentages of dry matter when compared to the other treatments and this difference was accentuated over the course of time (data not presented). The highest pH values were detected in the fermentative treatments (T2 and T3), peaking at around 9.5 on d 9 of treatment. In T1, the quicklime was added to the broiler litter on the d 10 of the experiment, however no heightening of the pH value was observed between d 9 and 12 of the evaluation (data not presented). On the other hand, the mean temperature of the windrowed litter (T2) was higher in relation to the other treatments (Figure 7 ), which in turn presented close-toambient temperatures (data not presented). The mean temperature recorded in the broiler litter subjected to T2 exceeded 50
• C in less than 24 h and remained between 55 and 60
• C until d 10, prior to litter redistribution (Figure 7) . The maximum recorded temperature in one of the repetitions of T2 was 84.2
• C (data not presented).
DISCUSSION
The presence of residual bacteria is critical in assessing the microbiological risk of the recycling process of litter (GlobalG.A.P., 2016) . Therefore, different methods have been used to reduce bacteria in litter, such as windrowing (Macklin et al., 2006; Liang et al., 2014) , addition of quicklime (Ruiz et al., 2008; Lopes et al., 2013) or shallow fermentation (Lopes et al., 2015) . This study was designed to compare treatments to reduce bacterial load in recycled litter between broiler flocks in commercial and experimental conditions. The highest reduction in the level of enterobacteria and aerobic mesophiles was found in litter treated by shallow fermentation and windrowing, respectively. However, the first flock litter maintained high levels of enterobacteria even after the treatments. Brooks et al. (2015) have found a less complex and enriched bacterial community following litter composting. Nevertheless, additional interventions may be considered to reduce the bacterial load in the first litter recycle.
The qualitative analysis showed that the evaluated treatments, except the control, eliminated SE PT4 in the broiler litter at the end of the evaluation period. Interestingly, it was reported a downward trend of Salmonella presence in litter as it is recycled in successive broiler flocks (Roll et al., 2011; Muniz et al., 2014) . Reiber et al. (1990) considered the hypothesis that housing broilers on recycled litter promotes the colonization of competing microorganisms that inhibit Salmonella infection. Indeed, broilers housed on reused litter tend to show delayed colonization of the ileal mucosa by Clostridium and Salmonella in relation to birds housed on fresh litter (Wei et al., 2013) . It is possible that the broilers' contact with enteric microorganisms in the recycled litter stimulates the humoral and cellmediated immune response (Lee et al., 2011) .
Undetectable levels of Escherichia coli and Salmonella in broiler litter has been related to exposure to heightened temperatures resulting from the treatment process (Lavergne et al., 2006; Wilkinson et al., 2011) . A previous study into windrowing showed that the maximum temperature was reached between 24 and 48 h, and maintaining it at 55
• C for around 2 d could reduce the bacterial load (Macklin et al., 2006) . This study revealed that windrowed litter maintained temperatures above 50
• C for most of the treatment period. However, litter subjected to shallow fermentation attained average temperatures close to those of the quicklime treatment and the control. Because shallow fermentation displayed similar efficacy to windrowing in terms of eliminating SE PT4 in the litter, other factors in addition to temperature would seem to be involved in this process.
On the other hand, water activity below 0.84 favors the reduction of Salmonella in the litter (Payne et al., 2007) , demonstrating that lower moisture content restricts the survival of bacteria (Wilkinson et al., 2011) . In our study, broiler litter subjected to shallow fermentation presented an increase in the percentage of dry matter over the course of the 6 evaluated flocks, reaching similar levels of dry matter to the other treatments in the final flocks evaluated. The highest reduction in enterobacteria in the broiler litter over the course of the flocks, found in shallow fermentation, suggests that the effect of the treatment also cannot be exclusively attributed to the moisture content. Similarly, reduced bacterial load was identified in the windrowed litter without, however, any alteration in the water activity (Macklin et al., 2006) .
One of the expected effects of the addition of quicklime to the litter is reduced moisture level (Ritz et al., 2014) . Nevertheless, the percentage of dry matter identified in the litter treated with quicklime and in the control were close to one another, indicating that the moisture reduction by the quicklime was inexpressive. Addition of quicklime also promotes elevated pH in the broiler litter (Ruiz et al., 2008; Ritz et al., 2014) , which is not always reflected in a significant reduction of the bacterial load (Bennett et al., 2005) . In fact, in the quicklime treatment, it was possible to identify an increased pH with over the course of the flocks; however, the alterations found did not have any consequence on bacterial inhibition.
Fresh litter generally presents a baseline level of bacteria which tends to increase after housing the broilers (Fries et al., 2005) . Typically the fresh litter contains higher levels of environmental bacteria, whereas the reused litter contains higher levels of intestinal bacteria from the deposition of excreta (Cressman et al., 2010) . Notably, from the third flock onward, the mean average level of enterobacteria in the majority of the treated and recycled litter was lower than the mean detected in fresh litter, showing that the recycled litter might be safer than fresh litter, depending on its origin and storage conditions. Inadequate storage conditions of the fresh litter favor bacterial contamination. Indeed, the likelihood of detecting Salmonella in the broiler litter has been associated to the partial or total replacement with fresh litter (Volkova et al., 2011) , while lower levels of Salmonella have been detected in reused litter in relation to fresh litter (Chinivasagam et al., 2012) .
There is a correlation between intestinal microbiota and microbiota in the litter. Therefore, if the broiler flock experienced any episode of disease, the excretion of microorganisms makes the litter a potential source of pathogens for the next flock (Wei et al., 2013) . In such situations, a total litter clean out should be performed and an increased downtime between flocks is also recommended (Schrader et al., 2004) . Notwithstanding, the downtime between flocks in the broiler house is a risk factor for the presence of Salmonella in the broiler litter (Volkova et al., 2011) . Indeed, we observe that only on d 12 of the treatments was S. Enteritidis not detected in T1, T2, and T3, indicating that the reduced downtime between broiler flocks and consequent reduced treatment time would compromise their efficiency.
In conclusion, all treatments applied to the recycled litter between broiler flocks reduced the level of enterobacteria and of aerobic mesophiles over the course of the 6 flocks evaluated. The highest reduction in the bacterial load occurred in the first 3 flocks of broilers housed on the recycled litter, tending to stabilization from the fourth flock onward for all the assessed treatments. Windrowing and shallow fermentation resulted in lower frequency of SE PT4 in the litter compared to the addition of quicklime, however all the treatments proved to be efficient in the elimination until the end of the treatment period. The identification of heightened levels of enterobacteria in the fresh litter reinforces the need for controlling the origin of this material and ensuring suitable storage in order to minimize its contamination prior to distribution in the broiler house. Finally, the effectiveness of shallow fermentation of the broiler litter can be highlighted. Complementary studies are necessary to demonstrate the factors involved in the efficacy of this treatment.
